HE facial and vestibulocochlear nerves in the CPA feature a complex anatomical formation in the posterior cranial fossa:
T
Abbreviations used in this paper: AICA = anterior inferior cerebellar artery; BA = basilar artery; CISS = constructive interference in steady state; CPA = cerebellopontine angle; CSF = cerebrospinal fluid; DVR = direct volume rendering; HFS = hemifacial spasm; IAA = internal auditory artery; IAC = internal auditory canal; MR = magnetic resonance; MVD = microvascular decompression; NVC = neurovascular compression; PICA = posterior inferior cerebellar artery; REZ = root exit zone; SR = surface rendering; VA = vertebral artery.
ferentiation between the nerves and classification of the vessel courses in HFS has not been introduced. In cadaveric studies Lang 19 and Rhoton 27 described only the relationship of the AICA and the PICA to the proximal and distal portion of the facial nerve-vestibulocochlear nerve complex. Rhoton also described the differences in vascular compression of the REZ of the facial nerve by the AICA, the PICA, and the VA.
No standard method of imaging evaluation of this area has yet been introduced. High-resolution MR imaging is the method of choice for imaging the facial and vestibulocochlear nerves. 6, 7, 16 However, it is difficult to differentiate anatomy and analyze the neurovascular relationships by using a 2D representation based on imaging slices only. In this study, we used 3D visualization of the seventh and eighth cranial nerves and vessels to demonstrate neurovascular anatomy for surgical planning. 10, 24 The results of 3D visualization were verified by intraoperative documentation.
Clinical Material and Methods

Clinical Data
In this imaging and surgical study, we analyzed 25 patients with HFS (Table 1) . Of these patients, 20 (80%) were treated by MVD. The diagnosis was made by clinical examination and electrophysiological testing of facial twitching. Surgery consisted of standardized MVD as described by Jannetta et al., 13, 14 including intraoperative monitoring of brainstem auditory evoked potentials and lateral spread to assist in adequate decompression. 8, 21 Intraoperative interactive 3D visualization was applied in each procedure.
Magnetic Resonance Imaging
Imaging was performed using a 1.5-tesla imaging unit (Siemens MR Magnetom Sonata). Three-dimensional CISS MR imaging as a highly T2-weighted sequence was used (TR 12.2 msec, TE 5.9 msec, flip angle 70°, acquisition time 5 minutes, matrix 512 ϫ 512, slice thickness 0.4 mm). 5, 7, 10, 24 Ultra-high resolution MR imaging and isotropic voxel sizes for postprocessing of 3D images were applied. The 3D CISS MR sequence produces a 3D data set that can be presented as slice images in axial, coronal, and sagittal orientations. The 3D CISS MR imaging sequence provides a high degree of contrast between hyperintense CSF and hypointense cranial nerves and vessels, enabling differentiation of small structures with a diameter of 0.4 mm. In contrast to the midline area within the BA, the pulsation of CSF within the CPA is very low. For this reason, the delineation of small structures such as the facial nerve-vestibulocochlear nerve complex or vessels was clear and not obscured by pulsation artifacts in 3D CISS MR imaging.
Image Processing
Image processing consists of segmentation and DVR. We used the software SegMed for explicit segmentation and Qvis for implicit delineation and DVR at interactive rates. 10, 24 Both software packages were developed at the Institute of Computer Graphics and the Neurocenter of the University of Erlangen-Nuremberg. Explicit segmentation consists of the coarse extraction of relevant structures by a sequence of semiautomatic and manual steps. The CSF space incorporating the cranial nerves and vessels is segmented by automatic volume growing and manual segmentation of the cranial nerves and the brainstem. Implicit segmentation is characterized by applying transfer functions, which are an integral part of DVR. At this point, every data value of the segmented voxels is assigned to a color and opacity value.
The CSF volume appears transparent, and the vessels and nerves appear opaque based on the information of the intensity of each voxel. The result of this image processing is a real 3D presentation of the brainstem, vessels, and cranial nerves. The observer can view the resulting 3D object from any direction and is able to manipulate the object interactively (Fig. 1) . 24 We evaluated the possibility of differentiating the facial and vestibulocochlear nerves. Separation between the facial and vestibulocochlear nerves was analyzed at the following three segments or portions of the nerve complex within the CPA (Fig. 2 ): 1) the REZ starting at the brainstem and extending to the interface point between central and peripheral myelin (for the facial nerve this is ~ 0.5-4 mm from the surface of the brainstem [ Fig. 2 upper]) ; 9, 19 2) the proximal nerve segment extending from the peripheral interface point of the REZ without contacting the brainstem up to the half length of the intracisternal nerve length in the CPA ( Fig. 2 upper) ; and 3) the distal nerve segment, which forms the distal half of the nerve up to its entrance into the IAC (Fig. 2 upper) .
The number, size, and courses of the vessels related to each segment of the nerve were evaluated, and the findings on the affected and unaffected sides were compared. Blood vessel variants of the affected and unaffected sides were analyzed to find common anatomical types of NVC in HFS.
Results
Three-Dimensional CISS MR Images
The quality of the 3D CISS MR images was good in all cases. They clearly delineated the facial nerve-vestibulocochlear nerve complex and vessels within the high-intensity CSF volume. We could distinguish nerves from vessels on the basis of their signal intensity, anatomical characteristics, and course as seen on the 3D CISS MR images.
Three-Dimensional Visualization
The 3D visualization showed the spatial relationships between the neurovascular structures of the facial nervevestibulocochlear nerve complex and suggested the possibility of separating the fascicles between the facial and vestibulocochlear nerves according to proximal and distal nerve portions (Fig. 2 lower) .
The Facial Nerve-Vestibulocochlear Nerve Complex. On the affected sides we were able to distinguish between the facial and vestibulocochlear nerves at the proximal nerve portion in 18 (72%) of 25 cases and at the distal nerve portion in 20 cases (80%). We could distinguish the facial and vestibulocochlear nerves both proximally and distally in 16 cases (64%). However, no differentiation at all was possible in three cases (12%) either proximally or distally. In only two cases (8%) were the nerves proximally distinguishable, and in another four (16%) of 25 cases were they distinguishable only distally ( Table 2) .
On the unaffected sides, we could distinguish between the facial and vestibulocochlear nerves at the proximal nerve portion in 21 cases (84%) and at the distal nerve portion in 19 (76%) of 25 cases. We could distinguish the facial and vestibulocochlear nerves at both the proximal and distal nerve portion in 17 cases (68%). In two cases (8%), no separation was observed between the fascicles of the facial and vestibulocochlear nerves. Differentiation was possible only proximally in four cases (16%) and only distally in another two (8%) of 25 cases (Table 3) .
In all cases in which we were able to distinguish the nerves, the crossing point (decussatio) of the facial and vestibulocochlear nerves was localized in the IAC. The greatest distance between the facial nerve and the vestibulocochlear nerve was observed at the REZ.
Vessels. We evaluated all 3D-visualized vessels in relation to the facial nerve-vestibulocochlear nerve complex. On the affected sides, we were able to find the AICA in 21 patients (84%), the PICA in 18 (72%), the VA in all 25 (100%), the IAA in 11 (44%), and veins in 21 patients (84%) ( Table 2) . On the unaffected sides we visualized the AICA in 21 patients (84%), the PICA in 11 (44%), the VA in 21 (84%), the IAA in 12 (48%), and veins in 22 (88%) of 25 patients.
On the affected sides referring to the REZ of the facial nerve, the AICA was the most common offending vessel ( Fig. 3 upper) . It touched the nerve in 15 patients (60%), the PICA touched the nerve in seven (28%), and the VA touched the nerve in three (12%). There was no vascular compression of the REZ of the facial nerve by the IAA. In none of the patients in our series was there contact between a vein and the nerve complex. There were other vascular contacts at the proximal and distal nerve segments of the facial nerve. Contact was observed between the proximal segment of the facial nerve and the AICA in eight patients (32%), the PICA in six (24%), the IAA in one (4%), and the veins in three patients (12%). Furthermore, there was vascular contact between the distal nerve segment of the facial nerve and the IAA in three patients (12%), veins in one patient (4%), and the PICA in one patient (4%). The AICA and PICA did not come into contact with the distal portion of the nerve (Table 2) .
On the unaffected side, we did not notice contact between vessels and the REZ of the facial nerve ( Fig. 3 lower). There were several contacts between vessels and the proximal and distal nerve segments of the facial nerve: there was vascular contact with the proximal facial nerve segment by the AICA in seven patients (28%) (Fig. 3 lower), the IAA in two (8%), and veins in four patients (16%). The PICA did not show any contact with the nerves in the proximal segment. Vascular contact with the distal nerve segment by the AICA was seen in nine patients (36%), the PICA in one (4%), and veins in one patient (4%) ( Table 3 ). It is noteworthy that only the segment of the PICA medial to the REZ of the ninth and 10th cranial nerves can be in contact with the REZ, thus causing NVC of the facial nerve. Therefore, if the PICA travels directly lateral to the rootlets of the ninth and 10th cranial nerves, NVC at the REZ of the facial nerve cannot be expected.
Surgical Results and Intraoperative 3D Visualization
Each offending vessel at the REZ of the facial nerve that was visualized preoperatively could also be detected intraoperatively. One exemplary case with right HFS is presented in Fig. 5 with intraoperative 3D visualization of microvascular relationships during MVD: the 3D reconstruction reveals an AICA loop compressing the REZ of the facial nerve. The surgeon is able to observe all of the relevant microvascular and neural structures within the CPA of the individual patient by 3D visualization corresponding to the operative area. No pulsation artifacts were observed in the CPA in all studies of the affected and unaffected sides. On the affected sides of the REZ, we were able to find several characteristic situations that led us to describe distinct types of NVC (Fig. 4) . Common to all types was a convex loop running caudally to the REZ at the brainstem; this convexity at the REZ causes the vessels to form a characteristic loop (Fig. 4) . The AICA, as coming from the BA, has first to travel caudally and later laterally upward (Type I in Fig. 4 ; see Figs. 5 and 6). It leaves the CPA after contacting the REZ of the facial nerve lateral to the fascicles of the glossopharyngeal and vagal nerves. The PICA has its regular origin from the VA and courses cranially by forming a convex loop (Type II in Fig. 4 ; see by the VA, the vessel is elongated and ectatic. The NVC is then caused by the "shoulder of the vessel" (Type III in Fig.  4 ; see Fig. 8 ). We did not observe any vascular contact of the PICA at the REZ of the facial nerve in cases in which the PICA runs from the caudal aspect laterally to the fascicles of the glossopharyngeal and vagal nerves (Figs. 4 and 7) .
Postoperative Outcome
In this series all patients who underwent surgery became free from spasms during long-term observation (follow-up range 6-48 months). Postoperatively two patients had a prolonged period with reduced spasm activity, which finally completely subsided within 6 and 10 months, respectively. Three patients had a transient facial paresis. Only one patient (4%) suffered from delayed facial weakness. Two patients had a reduction in their hearing. In one of these, normal hearing resolved, but in neither did complete hearing loss occur.
Data Analysis
For differentiating the nerves regardless of whether they were affected, we found an overall sensitivity of 0.9. For the affected side the sensitivity was 0.88 and for the unaffected side 0.92. Because the facial nerve is always separate from the vestibulocochlear nerve, a true-negative result (that is, a fused facial nerve and vestibularcochlear nerve) is not possible. Therefore, the calculation of specificity is not possible. The sensitivity with this method for detecting an NVC at the REZ is 0.98 and the specificity is 0.99 (Tables 4 and 5 ). When evaluating the data dependent on the attachment of the vessel to the different areas of the nerve, the sensitivity is 72% and the specificity is 48% for the proximal segment. For the distal area the sensitivity is 20% related to HFS. The specificity for the distal portion is 40%. For the REZ the sensitivity reaches almost 100%. Statistical analysis of these data is limited.
Discussion
A 2D representation does not give a sufficient overview of the spatial relationships of nerves and vessels. Therefore, (7) by an AICA loop (1) on the right side. Lower: On the asymptomatic left side, the proximal nerve segment of the seventh cranial nerve is contacted by the AICA. The REZ (A) of the seventh cranial nerve, including the brainstem parenchyma, is completely free (arrowhead). The 3 indicates the VA; 5, the trigeminal nerve; 6, the abducent nerve; 8, the vestibulocochlear nerve; and 9-11, the vagal nerve group.
we introduced and applied DVR to obtain 3D visualization of the facial nerve-vestibulocochlear nerve complex. Currently, we know of several different protocols for obtaining images of the facial and vestibulocochlear nerves. 1, 6, 7, 16, 17, 22, 25 For optimized imaging of these nerves, we used a 3D CISS MR imaging sequence. The image data demonstrated improved contrast between neighboring structures, mostly allowing differentiation of nerves and vessels within the CSF volume, which was evaluated previously in detail. 1, 7, 16, 24 For topographic analysis, 3D CISS MR imaging was advantageous, but the major goal was 3D visualization of the facial nerve-vestibulocochlear nerve complex. The quality of 3D visualization depends on multiple factors, and the quality of the source images is of utmost importance. 29 Isotropic voxel size of the volume data used in this study optimized the interplane resolution. This ensures equally high resolution in the axial, coronal, and sagittal slice images, which improves the anatomical evaluation and the quality of explicit segmentation. 4 . Illustrations of the types of NVC of the facial nerve. Type I as the most frequent one is caused by the AICA, which travels first caudally and forms the NVC by an upward directed convex dome. Type II is induced by the PICA, which forms a rostrally directed loop and compresses the REZ with the part which is medial to the rootlets of the ninth and 10th cranial nerves. The VA forms Type III, compressing the REZ with its "shoulder." facts, the lateral CPA with the facial and vestibulocochlear nerves is demonstrated very well. There were almost no artifacts from CSF pulsation, thus enabling the easy delineation of small hypointense structures within the hyperintense CSF. In the axial slice 3D CISS MR images, we were able to differentiate the medially localized facial nerve and the laterally localized vestibulocochlear nerve. In the slice images we were able to distinguish between a nerve and a vessel, but generally it is not possible to reliably assign each neural fascicle to the appropriate cranial nerve, which has also been reported by Ogiwara and Shimizu. 25 Identification and differentiation of these nerve bundles in the slice images of the CISS sequence are very difficult and highly dependent on the experience of the individual observer. 24 In the 3D visualization, we could determine facial and vestibulocochlear nerves and their complex vascular relationships as noted on the original images. In each case, we were able to visualize the facial and vestibulocochlear nerves and the corresponding vessels. In 2% of cadavers, Rhoton 27 has described the PICA as ascending from the ninth and 10th cranial nerves and contacting the facial nerve-vestibulocochlear nerve complex before passing between the ninth, 10th, and 11th cranial nerves to the fourth ventricle and posterior surface of the cerebellum. In our study, we found that the PICA had vascular contact with the fascicles of the facial nerve without REZ involvement in one (4%) of 25 cases on the unaffected side (Table 3) .
Interactive 3D visualization is a prerequisite for comprehensive analysis and understanding of volumetric data from MR imaging. Tomandl et al. 29 analyzed the characteristics of different methods for the visualization of volumetric data on CT angiograms obtained in patients with intracerebral aneurysms. They described the differences among maximum-intensity projection, SR, and DVR. 29 The maximum-intensity projection takes into account only the brightest voxels along each ray of sight for display, leading to a complete loss of depth information. In SR only surfaces based on strict user-defined thresholds are displayed. Consequently, SR is not applicable for tiny structures such as arethose involved neurovascular relationships and does not allow any separation of structures. Surface rendering treats the object as having a surface with uniform color. Direct volume rendering also takes into account the intensity of neighboring voxels and is the method of choice for the detailed visualization of vascular structures, as was demonstrated by Tomandl et al. 29 Pure application of DVR does not lead to useful results given that the target structures of the surrounding anatomy have identical data values. Therefore, further processing is required, which leads to the idea of combining segmentation and DVR. This proved to be the gold standard for the depiction of neurovascular relationships in the posterior fossa as demonstrated by Naraghi et al. 10, 24 Ogiwara and Shimiu 25 analyzed the neurovascular relationships of the facial and vestibulocochlear nerves by SR of 3D MR imaging in 14 cases of HFS. They found that SR imaging can clearly demonstrate the 3D relationships between the nerves and the offending vessel. Although highresolution 3D MR imaging with a turbo spin echo sequence was used in that study, the authors were not able to differentiate thin nerve bundles and especially the facial and ves- tibulocochlear nerves. 25 This brings up the problem of SR. In contrast to SR, DVR of 3D CISS MR imaging could clearly distinguish the thin nerve fascicles and corresponding vessels within the CPA. Kumon et al. 17 applied SR to spoiled gradient recalled acquisition in the steady state as 3D MR imaging data. However, spoiled gradient recalled acquisition cannot be regarded as high-resolution MR imaging. It displays larger vessels as high-intensity structures very well, but small structures like cranial nerves are not displayed adequately. Fukuda et al. 6 examined patients with HFS by using MR angiography. Although MR angiography offers several advantages that make it ideal for detecting the courses of the vessels, it is not recommended for visualization of neural structures because of the less clear contrast between the nerves and CSF. Mitsuoka et al. 22 evaluated the CPA and IAC by using high-resolution T2-weighted 3D fast spin echo imaging. Presenting slice images of 3D fast spin echo data, Mitsuoka et al. reported that it was possible to identify and distinguish the eighth and ninth cranial nerves. They asserted that they were able to differentiate between the cochlear and vestibular nerves, and furthermore that they were able to differentiate between the superior and inferior vestibular nerves. 22 Our data, based on high-resolution 3D CISS MR imaging, prove that it is possible to differentiate between the facial and vestibulocochlear nerves in the CPA. However, the differentiation of the cochlear nerve from the vestibular nerve is too difficult in the cerebellopontine cistern even with ultra-high resolution MR imaging. We believe that it is simply not possible to determine each superior and inferior vestibular nerve in an anatomically correct order in the slice images of the CPA. The differentiation of the different portions of the vestibular and cochlear nerves is only possible in sagittal slice images of the IAC.
The explicit segmentation of 3D CISS MR imaging takes 1 to 2 hours, and the adjustment of transfer functions referring to implicit segmentation requires less than 3 minutes. Thereafter, 3D visualization is carried out at interactive frame rates of 15 to 20 per second. The visualization of the neurovascular structures of the facial nerve-vestibulocochlear nerve complex was useful in preoperative planning and during surgery. We applied the 3D visualization intraoperatively, providing the surgeon with interactive 3D representations during MVD on a local computer workstation, and analyzed microsurgical details during MVD. Given that the main subject of this study focuses on the anatomical relationships of the facial nerve-vestibulocochlear nerve complex, we do not want to digress to a different subject, which we are going to introduce in detail soon. Three-dimensional visualization of microvascular structures provides a great deal of topographic information before surgery. 1 The 3D visualizations of the 3D CISS MR images turned out to be consistent with intraoperative findings. As stated earlier, there was previously no pre-and intraoperative opportunity to create an individual anatomical depiction of the global vascular relationships of the facial and vestibulocochlear nerves. now. This classification is considered necessary for a reproducible and standardized evaluation in establishing the diagnosis and planning and performing surgery. The suggested classification derived from original individual data was able to cover all the anatomical situations that we found in this study. Moreover, we were able to verify our classification on the presented findings in other studies in which the authors undertook visualization of the neurovascular relationships of the facial nerve.
17,25 Jannetta 13 has also reported on atypical HFS resulting from a posterorostral compression of the facial nerve. Our series only consists of patients with typical HFS, and we were not able to observe rostral NVC. Although MVD is considered as the definitive treatment of the cause, conservative treatment with botulinum toxin has gained great popularity and can transiently relieve symptoms of HFS. 4, 15, 30 This results in a reduction of the surgical experience in MVD for HFS. The presented success rates of MVD in the literature differ considerably (range 60-90%), thus indicating the concerns with the procedure. 9 Especially for young patients and primary or secondary unresponsiveness to botulinum toxin, MVD is the treatment of choice. Although our series is not very large, the high rate of success, particularly long-term success, can be attributed to the method of 3D visualization introduced here.
Conclusions
We presented a method for noninvasive evaluation of relationships of the facial nerve-vestibulocochlear nerve complex and the corresponding blood vessels with highresolution MR imaging by using 3D CISS MR imaging and 3D visualization based on DVR in patients with HFS. We have also described the distinct types of courses of vessels causing NVC. Several characteristics for the identification of NVC were described, allowing a reproducible and standardized evaluation of the neurovascular relationships. For HFS, only contacts between vessels and nerves at the REZ are relevant and present in NVC. Contacts not at the REZ are irrelevant to the syndrome of HFS. We suggest that 3D CISS MR imaging of the facial and vestibulocochlear nerves is very useful for topographical classification of the variable vascular compression courses along the REZ of the facial nerve to support diagnostic and surgical procedures.
